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Abstract. During several periods since 2005 the Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS)
on Envisat has performed observations dedicated to the re-
gion of the upper troposphere/lower stratosphere (UTLS).
For the duration of November/December 2005 global dis-
tributions of temperature and several trace gases from
MIPAS UTLS-1 mode measurements have been retrieved
using the IMK/IAA (Institut für Meteorologie und Kli-
maforschung/Instituto de Astrofı́sica de Andalućıa) scientific
processor. In the UTLS region a vertical resolution of 3 km
for temperaure, 3 to 4 km for H2O, 2.5 to 3 km for O3, 3.5 km
for HNO3 and 3.5 to 2.5 km for N2O has been achieved.
The retrieved temperature, H2O, O3, HNO3, N2O, and rela-
tive humidity over ice are intercompared with the Microwave
Limb Sounder (MLS/Aura) v2.2 data in the pressure range
316 to 0.68 hPa, 316 to 0.68 hPa, 215 to 0.68 hPa, 215 to
3.16 hPa, 100 to 1 hPa and 316 to 10 hPa, respectively. In
general, MIPAS and MLS temperatures are biased within
±4 K over the whole pressure and latitude range. Systematic,
latitude-independent differences of−2 to −4 K (MIPAS-
MLS) at 121 hPa are explained by previously observed biases
in the MLS v2.2 temperature retrievals. Temperature differ-
ences of−4 K up to 12 K above 10.0 hPa are present both in
MIPAS and MLS with respect to ECMWF (European Cen-
tre for Medium-Range Weather Forecasts) and are likely due
to deficiencies of the ECMWF analysis data. MIPAS and
MLS stratospheric volume mixing ratios (vmr) of H2O are
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biased within±1 ppmv, with indication of oscillations be-
tween 146 and 26 hPa in the MLS dataset. Tropical upper
tropospheric values of relative humidity over ice measured
by the two instruments differ by±20% in the pressure range
∼146 to 68 hPa. These differences are mainly caused by the
MLS temperature biases. Ozone mixing ratios agree within
0.5 ppmv (10 to 20%) between 68 and 14 hPa. At pressures
smaller than 10 hPa, MIPAS O3 vmr are higher than MLS
by an average of 0.5 ppmv (10%). General agreement be-
tween MIPAS and MLS HNO3 is within the range of−1.0
(−10%) to 1.0 ppbv (20%). MIPAS HNO3 is 1.0 ppbv (10%)
higher compared to MLS between 46 hPa and 10 hPa over
the Northern Hemisphere. Over the tropics at 31.6 hPa MLS
shows a low bias of more than 1 ppbv (>50%). In general,
MIPAS and MLS N2O vmr agree within 20 to 40 ppbv (20
to 40%). Differences in the range between 100 to 21 hPa are
attributed to a known 20% positive bias in MIPAS N2O data.
1 Introduction
Space-borne limb emission sounding is an established tech-
nique for monitoring the composition of the Earth’s atmo-
sphere above the middle troposphere. Its advantages are
(1) high sensitivity to minor trace species, (2) good verti-
cal resolution, (3) independence of sunlight, allowing the
coverage of the whole Earth within one day. Currently
five limb emission instruments are orbiting the Earth: Sub-
Millimeter Radiometer (SMR) on Odin (Murtagh et al.,
2002), HIRDLS (High Resolution Dynamics Limb Sounder)
(Gille et al., 2008), TES (Tropospheric Emission Spectrom-
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eter) (Beer et al., 2001), MLS (Microwave Limb Sounder)
(Waters et al., 2006) on the EOS (Earth Observing System)
Aura and MIPAS (Michelson Interferometer for Passive At-
mospheric Sounding) (Fischer et al., 2008) on the Envisat
satellite. SMR and MLS are operating in the sub-millimeter
and microwave spectral region, while HIRDLS, TES, and
MIPAS are mid-infrared instruments. Of those, TES has
the capability of limb and nadir sounding and is mainly op-
erated in nadir mode. HIRDLS, MLS, SMR and MIPAS
are operating exclusively in limb mode. Most studies us-
ing limb-emission data have concentrated on the stratosphere
and higher atmosphere, but recently the applicability to the
region of the UTLS has been demonstrated by e.g.Glatthor
et al.(2007); Jiang et al.(2007); von Clarmann et al.(2007);
Eriksson et al.(2007); Su et al.(2006); Wu et al. (2005);
Read et al.(2004, 1995).
Ceccherini et al.(2008) showed studies on the quality of
MIPAS low resolution O3 data and comparison with co-
located measurements by GOMOS (Global Ozone Monitor-
ing by Occultation of Stars). The present work shows com-
parisons of co-located measurements between the common
retrieval quantities of MLS v2.2 and MIPAS low resolu-
tion data. This is a prerequisite for a possible combination
of complementary parameters between the two instruments
(e.g. differing trace gases, the same trace gases obstructed
by thin clouds in case of mid-IR or by water vapour in case
of microwave observations). The emphasis is on the region
of the upper troposphere to the middle stratosphere when
MIPAS was operated in UTLS-1 mode.
2 MIPAS measurements and data processing
2.1 Instrument and observations
MIPAS (Fischer et al., 2008) is a Fourier transform spec-
trometer taking high-spectral-resolution limb observations of
the Earth’s radiation from 685 cm−1 to 2410 cm−1 (14.6–
4.15µm). It was launched on 1 March 2002 on the Envi-
ronmental satellite Envisat by the European Space Agency
(ESA). It is orbiting in a sun-synchronous polar orbit at
800 km altitude with an inclination of 98.55◦ and an ascend-
ing equatorial crossing time of 10:00. From July 2002 un-
til March 2004, MIPAS took measurements with maximum
optical path difference (OPD) of 20 cm corresponding to a
‘high’ spectral resolution of 0.025 cm−1. During this time
MIPAS measured mostly in its nominal mode, with a limb
scan distance of∼500 km and 17 tangent heights covering
an altitude range from 7 to 69 km. MIPAS provides nearly
full global (or pole-to-pole) coverage with a latitude range
of 87◦ S to 87◦ N. Due to problems with the interferometer
mirror slide system, MIPAS performed few operations from
April–December 2004. In January 2005 regular observations
resumed, but with reduced duty cycle and a reduced spec-
tral resolution (RR) of 0.0625 cm−1 (OPD=8.0 cm). The re-
duced spectral resolution has the advantage that more spec-
tra can be measured during the same time interval compared
to the former “high” spectral resolution observations. Var-
ious dedicated observation modes are being operated (http:
//www.atm.ox.ac.uk/group/mipas/rrmodes.html), most per-
forming vertical oversampling intended for better sampling
of the UTLS region.
In UTLS-1 mode MIPAS measures at 19 tangent points;
tangent altitudes are latitude-dependent from 7 to 50 km over
the poles and 13 to 56 km over the equator. A latitude-
dependent floating altitude-sampling grid is used in order to
follow roughly the tropopause height along the orbit with the
requirement to collect at least one spectrum within the tro-
posphere but to avoid too many cloud-affected spectra. For
the 2002–2003 operational period this approach had not been
implemented for reasons of simplicity. The vertical sampling
grid spacing between the tangent altitudes is 1.5 km from 8.5
to 22 km, 2.0 km from 22 to 28 km, 3.0 km from 28 to 34 km
and 4.5 km from 34 to 52 km. Thus, compared to the 3 km
vertical field-of-view extent of MIPAS, an oversampling of
up to a factor of 2 is achieved up to 28 km. As will be shown
below, this leads to an improved vertical resolution from 2 to
4 km in the UTLS region of the resulting trace gas profiles of
RR UTLS-1 mode compared to the vertical resolution of 3 to
4 km in the full resolution (FR) nominal mode observations.
2.2 MIPAS IMK-IAA data processing
Retrievals for temperature (T ) and line-of-sight (LOS) in
terms of the tangent point altitude, H2O, O3, HNO3 and
N2O in the RR UTLS-1 mode were performed using the
IMK/IAA data processor (von Clarmann et al., 2003) on the
basis of ESA version IPF 4.67 calibrated radiance spectra.
For the FR mode observations, the retrieval approach and
comparisons/validation have been described in the follow-
ing publications:T /LOS: von Clarmann et al.(2003), Wang
et al. (2005); H2O: Milz et al. (2005); O3: Steck et al.
(2007); HNO3: Wang et al.(2007); N2O: Glatthor et al.
(2005). MIPAS retrievals make use of narrow wavelength
regions (so-called microwindows) (Echle et al., 2000). The
microwindows which were used for the evaluation of the FR
measurements have been adapted to the RR UTLS-1 mode
(Table1). Further, cloud contaminated spectra are removed
using the method ofSpang et al.(2004).
The retrieval of temperature and trace gas profiles is per-
formed for most cases sequentially. First, the spectral shift
of the measurement is determined. Second, temperature and
elevation of the LOS of the instrument are jointly retrieved.
Thereafter, H2O, O3, HNO3 and CH4 along with N2O are
computed (von Clarmann et al., 2009b).
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Herex is the retrieval vector,K is the Jacobian matrix con-
taining the partial derivatives of the spectra with respect to
the retrieval vector,Sy is the covariance matrix due to mea-
surement noise,R is a regularization or constraint matrix,y
is the measurement vector,f the forward model,xa the a
priori profile, andi the iteration index.
The atmospheric state is retrieved on a finer vertical re-
trieval grid (gridwidth 1 km up to 44 km, 2 km up to 70 km
and 5 km above), compared to the tangent altitude grid spac-
ing. To stabilise the retrievals, a Tikhonov smoothing con-
straint (Tikhonov, 1963) is applied where
R = αLT1 L1. (2)
Here, L1 is the first order derivative matrix (Steck, 2002).
The regularization strengthα has been adapted to obtain best
possible vertical resolution in the UTLS region yet avoiding
unstable retrievals.
The retrieval approach developed for the UTLS-1 mode
parameters has been adopted as far as possible to the FR
mode. The changes between the RR nominal mode (which
are equivalent to those of the RR UTLS-1 mode) compared
to FR mode are described in detail byvon Clarmann et al.
(2009b). In summary, the following adaptations have been
made. (1) Microwindows: Table1 lists the channels and the
range of microwindows used for temperature/LOS and trace
gases in the UTLS-1 mode retrieval setup. Spectral bound-
aries have been adjusted to suite the spectral resolution and
sampling of the RR resolution UTLS-1 mode. Further, due
to problems of spectral grid points affected by non-local ther-
modynamic equilibrium radiation, corresponding microwin-
dows have been discarded. (2) Zero a priori profilesxa for
all trace gases in combination with (3) latitude and, as far
as possible, altitude-independent regularization strengths are
applied, such that the regularization results in a smoothing
of the profiles without biasing them towards the a priori (von
Clarmann et al., 2009b). (4) Horizontal temperature inhomo-
geneities as gradient profiles are taken into account during all
the trace gas retrievals helping to improve on retrieval con-
vergence. (5) In the case of H2O, log(vmr) instead of vmr
values are used as primary retrieval parameters. This helps
in constraining the vmr profiles in spite of the large dynamic
variation of H2O in the upper troposphere.
2.3 Vertical resolution, horizontal resolution and error
estimation
In this section we present a diagnosis of the MIPAS UTLS-1
retrievals in terms of resolution and error estimation.
The vertical resolution is determined from the averaging
kernel matrixA of the retrieval (Rodgers, 2000):
A = (KTi S
−1
y K i + R)
−1KTi S
−1
y K i . (3)
The rows of the averaging kernel matrix give the contri-
bution of the true values to the retrieved values, whereas its
Table 1. Microwindows selected for MIPAS low resolution data for
UTLS 1 mode.










a A, B, C and AB are the spectral band of MIPAS used for RR
UTLS-1 mode measurement.
b These are the paticular spectral regions selected from bands given
in column 2 for specific analysis.
columns are responses with respect to delta-peak-like pertur-
bations at each altitude. The estimated measurement noise
error is obtained from the error covariance matrix (Rodgers,
2000):
Sn = (KT S−1y K + R)
−1KT S−1y K(K
T S−1y K + R)
−1. (4)
For estimation of systematic errors1xb the linear map-
ping of the standard deviationσb of each uncertainty param-
eterb is used:
1xb = (KT S−1y K + R)
−1KT S−1y Kbσb, (5)
whereKb is the Jacobian of the measurement with respect to
the uncertainty parameterb.
Figures1 to 5 show the vertical resolution and the esti-
mated measurement noise of temperature, H2O, O3, HNO3
and N2O distributions along one orbit in RR UTLS-1 mode
(orbit 19595; 28–29 November 2005), compared with those
of the FR nominal mode (orbit 09017; 21 November 2003).
Up to ∼30 km in the RR UTLS-1 mode, temperature and
trace gas profiles have a vertical resolution of 2 to∼4 km due
to vertical oversampling, degrading to≥5 km further up due
to the larger tangent point distance. In the case of FR nominal
mode the vertical resolution is 3.5 to∼5 km up to∼40 km.
The latitudinal wave-like pattern of the vertical resolution
and estimated measurement noise in case of the RR UTLS-1
mode is caused by its latitude-dependent tangent altitude grid
as described above. In comparison, such a structure does not
appear in the figures for the FR nominal mode since there the
tangent altitudes were fixed with latitude. The strong varia-
tions of the vertical resolution with altitude, clearly visible
above 30 km in case of UTLS-1 mode and from 10 km to
50 km in case of FR nominal mode is caused by the finer
spacing of the retrieval levels compared to the tangent alti-
tude grid. Typically at retrieval altitudes close to a tangent
altitude the resolution is better than in between.
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Fig. 1. Vertical resolution of temperature on 28–29 November 2005 obtained from one single orbit 19595 in MIPAS RR UTLS-1 mode
(upper left) and for 21 November 2003 from orbit 09017 in FR mode (upper right). Corresponding retrieved measurement noise in RR
UTLS-1 mode (lower left) and FR mode (lower right).
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Fig. 2. Vertical resolution of H2O on 28–29 November 2005 obtained from one single orbit 19595 in MIPAS RR UTLS-1 mode (upper left)
and for 21 November 2003 from orbit 09017 in FR mode (upper right). Corresponding retrieved measurement noise in RR UTLS-1 mode
(lower left) and FR mode (lower right).
Vertical resolution is defined as the column FWHM (full-
width half-maximum). The estimated measurement noise
is 0.2–0.3 K for temperature, 0.1–0.3 ppmv for H2O, 0.03–
0.09 ppmv for O3, ∼0.05 ppbv for HNO3 and 4.0 ppbv for
N2O up to a height of 30 km in RR UTLS-1 mode. In the
case of full resolution nominal mode the absolute noise er-
ror is generally higher than RR UTLS-1 mode (Figs.1 to 5).
The change in the vertical resolution and the estimated mea-
surement noise with latitude (observed more prominently in
the case of H2O) is due to the MIPAS sensitivity to temper-
atures and the height constant regularization used. Because
it is summer in the Southern Hemisphere during November–
December, relatively better signal to noise ratio is observed
compared to that in the Northern Hemisphere, accounting for
latitudinal variation in the vertical resolution and estimated
measurement noise.
Horizontal averaging kernels were derived in order to char-
acterize the smoothing caused by the assumption of hori-
zontal homogeneity in the limb observations (von Clarmann
et al., 2008). We report (Table2) the horizontal resolution of
temperature and trace gases for a reference geolocation over
the southern polar region (orbit 19306; 8 November 2005), in
terms of full width at half maximum (FWHM) of the rows of
the averaging kernel matrix (Rodgers, 2000; von Clarmann
et al., 2009a). Variations in the horizontal resolution with al-
titude are due to the fact that the in the regularized retrieval
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Fig. 3. Vertical resolution of O3 on 28–29 November 2005 obtained from one single orbit 19595 in MIPAS RR UTLS-1 mode (upper left)
and for 21 November 2003 from orbit 09017 in FR mode (upper right). Corresponding retrieved measurement noise in RR UTLS-1 mode
(lower left) and FR mode (lower right).
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Fig. 4. Vertical resolution of HNO3 on 28–29 November 2005 obtained from one single orbit 19595 in MIPAS RR UTLS-1 mode (upper
left) and for 21 November 2003 from orbit 09017 in FR mode (upper right). Corresponding retrieved measurement noise in RR UTLS-1
mode (lower left) and FR mode (lower right).
horizontal smearing is coupled with vertical resolution and,
thus, is subjected to similar variations. The values of hor-
izontal resolution given here are intended as an exemplary
case. There will be differences depending on the actual state
of the atmosphere.
Table3a–egive results of the linear error analysis for tem-
perature and trace gases calculated on the basis of a reference
limb scan over mid-latitudes (7 November 2005; 01:35 UT).
The total error is calculated as the quadratic combination of
measurement noise error and parameter errors due to uncer-
tainties in interfering gases, temperature, temperature gradi-
ent, LOS, spectral shift, gain calibration and instrument line
shape. In the case of temperature the total error is domi-
nated by the parameter error. In the case of H2O, O3, HNO3
and N2O the parameter error is the main contributor to the
Table 2. Horizontal resolution in terms of full width at half maxi-
mum of the rows of the horizontal averaging kernels.
Single scan of orbit 19306 on 8 November 2005
over the southern polar latitudes
Altitude T H2O O3 HNO3 N2O
(km) (km) (km) (km) (km) (km)
10 173 146 317 209 97
15 113 210 155 280 241
20 197 122 347 321 226
30 102 117 365 150 107
40 170 111 200 119 183
50 111 76 431 77 83
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Fig. 5. Vertical resolution of N2O on 28–29 November 2005 obtained from one single orbit 19595 in MIPAS RR UTLS-1 mode (upper left)
and for 21 November 2003 from orbit 09017 in FR mode (upper right). Corresponding retrieved measurement noise in RR UTLS-1 mode
(lower left) and FR mode (lower right).
Table 3a. Error budget determined for a single scan of orbit 19281
on 7 November 2005 in the northern mid-latitudes for selected alti-
tudes.
Temperature
Altitude Total Measurement Parameter
( km) errora noise errorb
10 3.4 0.32 3.4
15 1.2 0.27 1.1
20 0.59 0.28 0.52
30 0.59 0.31 0.51
40 0.92 0.45 0.81
50 1.5 0.88 1.2
a Total errors are the quadratic combination of measurement noise
and parameter error and are given in K.
b Parameter error is the quadratic combination of error contributions
from interfering gases which are not jointly fitted, and from spectral
shift, gain calibration and instrumental line-shape uncertainties.
total error up to 30 km, and LOS and temperature uncertainty
are the dominant contributors to the parameter error in this
height range. Above 30 up to 50 km measurement noise con-
tributes significantly to the total error.
3 MLS instrument and data
Aura MLS was launched on 15 July 2004 into a near po-
lar sun-synchronous orbit at 705 km altitude, with ascending
equatorial crossing time of 13:45 (Schoeberl et al., 2006). It
scans the Earth’s limb providing 240 scans per orbit, spaced
∼165 km along the orbit track, and∼3500 vertical profiles
per day, with near pole-to-pole global latitudinal coverage
from 82◦ S to 82◦ N.
Table 3b. Continued.
H2O
Altitude Total Measurement Parameter Line-of-sight Temp.d
(km) errora noise errorb (LOS)c
10 5.1(32) 0.57(4) 5(31) 4.8(31) 1.1(7)
15 0.35(7) 0.16(3) 0.32(7) 0.28(6) 0.08(2)
20 0.26(6) 0.15(3) 0.21(5) 0.19(4) 0.05(1)
30 0.43(8) 0.31(6) 0.3(6) 0.19(3) 0.16(3)
40 0.75(11) 0.67(9) 0.34(5) 0.06(1) 0.02(<1)
50 0.86(23) 0.57(15) 0.64(15) 0.03(3) 0.2(3)
a Total errors are the quadratic combination of measurement noise
and parameter error. Absolute values of the total error are in ppmv
and relative values are given in parentheses (%).
b Parameter error is the quadratic combination of error contribu-
tions from interfering gases which are not jointly fitted, and from
temperature, temperature gradient, LOS (in terms of tangent point
altitude), spectral shift, gain calibration and instrumental line-shape
uncertainties.
c Based on tangent altitude uncertainty of 150 m. LOS uncertainties
contribute to the parameter errors but are given explicitly because
of their dominant role.
d Based on temperature uncertainty of 1 K. Temperature uncertain-
ties contribute to the parameter errors but are given explicitly be-
cause of their dominant role.
The MLS data processing algorithm is based on the opti-
mal estimation method and uses a two-dimensional retrieval
approach to determine temperature, geo-potential height and
trace gas concentrations (Livesey et al., 2006). Most data
products are retrieved on a fixed vertical pressure grid with
6 levels per decade change in pressure from the troposphere
to the stratosphere. In case of temperature and H2O, the ver-
tical pressure grid is finer in the troposphere and the lower
stratosphere, with 12 levels per decade change in pressure
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Table 3c. Continued.
O3
Altitude Total Measurement Parameter LOSc Temp.d
(km) errora noise errorb
10 0.04(114) 0.04(105) 0.02(41) 0(26) 0(15)
15 0.05(7) 0.03(5) 0.04(6) 0.04(5) 0.01(1.5)
20 0.10(4) 0.04(2) 0.09(3) 0.04(1) 0.01(<1)
30 0.35(5) 0.09(1) 0.34(5) 0.25(4) 0.11(2)
40 0.43(7) 0.07(1) 0.43(7) 0.22(4) 0.25(4)
50 0.23(5) 0.05(4) 0.22(3) 0.11(2) 0.07(<1)
a Total errors are the quadratic combination of measurement noise
and parameter error. Absolute values of the total error are in ppmv
and relative values are given in parentheses (%).
b Parameter error is the quadratic combination of error contributions
from interfering gases which are not jointly fitted, and from tem-
perature, temperature gradient, LOS (in terms of tangent point al-
titude), spectral shift, gain calibration, and instrumental line-shape
uncertainties.
c Based on tangent altitude uncertainty of 150 m. LOS uncertainties
contribute to the parameter errors but are given explicitly because
of their dominant role.
d Based on temperature uncertainty of 1 K. Temperature uncertain-
ties contribute to the parameter errors but are given explicitly be-
cause of their dominant role.
between 1000 and 22 hPa (0–25 km). For this study MLS
version 2.2 (v2.2) data (Livesey et al., 2006) have been used.
The vertical resolution of MLS data products has been re-
ported as follows. Temperature: 6–3 km from 316–31.4 hPa,
degrading to∼4 km up to 1 hPa (Schwartz et al., 2008). H2O:
1.5–4 km from 316 to 1 hPa (Read et al., 2007; Lambert et al.,
2007). O3: 2.5–3 km from 215–1 hPa (Livesey et al., 2006;
Froidevaux et al., 2008). HNO3: 3–5 km from 215–3.2 hPa
(Santee et al., 2007). N2O: 4–6 km from 100–4.6 hPa (Lam-
bert et al., 2007).
Some findings reported in MLS validation papers which
are relevant for the further discussion are: pressure-depedent
temperature biases between 316 and 10 hPa (Schwartz et al.,
2008), vertical oscillations in H2O by up to 8% at 31.6 hPa
(Read et al., 2007; Lambert et al., 2007), a small positive bias
in O3 at 22 hPa (Livesey et al., 2006; Froidevaux et al., 2008)
and in HNO3 a bias of±5 to 15% throughout the stratosphere
and±30% at 215 hPaSantee et al.(2007).
4 Comparisons
MIPAS RR UTLS-1 mode data and MLS v2.2 data for
the period of November–December 2005 are used for com-
parisons. A coincidence criterion of±12 h in time and
±300 km in space was used to find matched profiles be-
tween MIPAS and MLS. This gave∼300 to 350 coinci-
dent profiles over the poles/mid-latitudes and∼50 to 250
matches over the sub-tropics and tropics. For MLS data,
screening was done as specified in MLS v2.2 data quality
Table 3d. Continued.
HNO3
Altitude Total Measurement Parameter LOSc Temp.d
(km) errora noise errorb
10 0.06(11) 0.04(7) 0.05(8) 0.05(8) 0.01(2)
15 0.12(5) 0.05(2) 0.11(4) 0.09(3) 0.01(<1)
20 0.24(3) 0.06(<1) 0.24(3) 0.11(1) 0.05(<1)
30 0.37(5) 0.09(1) 0.36(5) 0.33(5) 0.09(1)
40 0.16(27) 0.14(24) 0.06(10) 0.05(8) 0(<1)
50 0.29(163) 0.26(153) 0.12(63) 0.03(20) 0.04(20)
a Total errors are the quadratic combination of measurement noise
and parameter error. Absolute values of the total error are in ppbv
and relative values are given in parentheses (%).
b Parameter error is the quadratic combination of error contributions
from interfering gases which are not jointly fitted, and from temper-
ature, temperature, LOS (in terms of tangent point altitude), spectral
shift, gain calibration and instrumental line-shape uncertainties.
c Based on tangent altitude uncertainty of 150 m. LOS uncertainties
contribute to the parameter errors but are given explicitly because
of their dominant role.
d Based on temperature uncertainty of 1 K. Temperature uncertain-
ties contribute to the parameter errors but are given explicitly be-
cause of their dominant role.
Table 3e.Continued.
N2O
Altitude Total Measurement Parameter LOSc Temp.d
(km) errora noise errorb
10 20(6) 8.9(3) 18(5) 17(5) 0.25(<1)
15 17(5) 6.1(2) 15(5) 10(3) 9.7(3)
20 15(9) 4.8(2) 14(8) 13(7) 4.8(4)
30 7.5(9) 3.1(3) 6.9(8) 5.3(6) 3.5(4)
40 2.6(13) 1.6(8) 2.1(10) 0.5(3) 0.2(2)
50 1(83) 0.6(52) 0.8(61) 0.05(7) 0.2(18)
a Total errors are the quadratic combination of measurement noise
and parameter error. Absolute values of the total error are in ppbv
and relative values are given in parentheses (%).
b Parameter error is the quadratic combination of error contribu-
tions from interfering gases which are not jointly fitted, and from
temperature, temperature gradient, LOS (in terms of tangent point
altitude), spectral shift, gain calibration and instrumental line-shape
uncertianties.
c Based on tangent altitude uncertainty of 150 m. LOS uncertainties
contribute to the parameter errors but are given explicitly because
of their dominant role.
d Based on temperature uncertainty of 1 K. Temperature uncertain-
ties contribute to the parameter errors but are given explicitly be-
cause of their dominant role.
document (http://mls.jpl.nasa.gov/data/datadocs.php). Since
MIPAS and MLS have comparable vertical resolutions of∼2
to 4 km in the region of the lower stratosphere, the profiles
were compared directly without averaging kernel convolu-
tion (Rodgers, 2000).
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To assess the validity of the comparison between the two
instruments in the upper troposphere it is necessary to un-
derstand the influence of the a priori there. Since in case of
MIPAS a Tikhonov-type (Tikhonov, 1963) formalism with a
smoothing constraint is applied, a strong a-priori weighting
would lead to a smoothing of the profile of the retrieved at-
mospheric parameter but not to any systematic bias. In the
case of MLS, the choice has been to minimize the influence
of the a priori by using relatively loose constraints. In case
of MIPAS we can directly evaluate a priori influence in the
troposphere by analysing each individual averaging kernel
matrix. These are not available in case of MLS. However,
in the MLS data product values are flagged where retrieved
precision worse than 50% of the a priori precision indicates
a large weight of the a priori information in the result. Such
values were rejected from the comparison. For co-incident
data points of MIPAS and MLS in the upper troposphere we
have calculated the mean vertical resolution of MIPAS from
the averaging kernel. This resulted in values of about 3 km
for temperature, 2.5 km for H2O, 2.2 km for O3 and 2.6 km
for HNO3 in comparison to MLS values of 5 km (T ), 1.5–
3.5 km (H2O), 3 km (O3) and 3.5 km (HNO3), as given in
literature for altitudes below 100 hPa (Schwartz et al., 2008;
Livesey et al., 2008; Read et al., 2007; Santee et al., 2007).
N2O is not considered here because no significant number
of tropospheric co-incidences has been found. Thus, in the
upper troposphere, for the trace gases a direct comparison of
the profiles from both instruments seems justified, while in
case of temperature differences might be influenced by the
differing vertical resolutions.
For the difference plots, first MIPAS altitude profiles of
temperature and trace gases have been interpolated to the
MLS pressure grid. Then for each pressure level the mean
difference (MIPAS-MLS) of coincident profiles was calcu-
lated for each 5◦ latitude bin. These differences were plotted
within the common pressure ranges of MLS and MIPAS as
denoted by the black lines at the bottom and top in the differ-
ence plots. We note that in these figures the colour contours
are interpolated linearly in latitude between the values cen-
tred at the mid-point of each latitude bin. The percentage
differences and the bias between MIPAS and MLS are calcu-
lated as suggested byvon Clarmann(2006).












wherebj andNj are the bias and total number of coincident
geolocations atj -th pressure level of MLS.xMIPASij − x
MLS
ij
are the difference values obtained from MIPAS and MLSi-th
coincident profile pairs, at thej -th pressure level of MLS.










The uncertainty of the bias is reported in terms of the stan-






whereσj is the standard deviation of the bias:
σj =




MIPAS and MLS temperature fields from November to De-
cember 2005 and their difference along with differences w.r.t
ECMWF are shown in Fig.6. Vertical oscillations typically
up to ±4 K are observed between MIPAS and MLS in the
pressure/latitude range from 316.2 to 100.0 hPa and∼90◦ S
to 90◦ N, respectively. MIPAS is colder by up to 1 K than
MLS at the 21.5 hPa pressure level. In the middle and upper
stratosphere MIPAS and MLS are biased within±3 K. Dif-
ferences up to±4 K in the UTLS and in the stratosphere are
in agreement with the differences observed in MLS in com-
parison to other satellite instruments (Schwartz et al., 2008).
Differences (MIPAS-ECMWF) and (MLS-ECMWF) are
interpolated on to the MLS pressure grid. The agreement
of MIPAS with ECMWF is within±1.5 K while MLS tem-
peratures show vertical oscillations of±3 K w.r.t ECMWF
analysis below 10.0 hPa. Above 10.0 hPa poor agreement is
s en between MIPAS and ECMWF with differences of−4 K
up to≤12 K. MLS also shows similar poor agreement w.r.t
ECMWF especially over the poles. Since the latitude depen-
dence and magnitude of these differences w.r.t ECMWF are
similar in case of MLS and MIPAS, they are probably due to
errors in the ECMWF analysis dataset.
Figure 7 shows the global mean altitude-dependent bias
between MIPAS and MLS together with the quadratically
combined systematic and noise error estimates (1-σ ), and
the standard deviation of the differences between all matched
profiles. The altitude-dependent mean bias varies between
±2.5 K peak-to-peak and lies within the combined system-
atic errors over the complete pressure range 316–0.1 hPa with
small exceptions at 14.6 and 3.2 hPa. The combined random
error varies by±0.5–1 K and is by a factor of 3–5 smaller
than the standard deviation of the differences. Thus, the esti-
mated noise error does not account for the variability of the
profiles. Possible reasons might be (1) the atmospheric vari-
ability, (2) an underestimation of the spectral noise error, or
(3) a parameter error term which has been attributed to the
systematic error budget, but which might also include ran-
dom components. Given the magnitude of the systematic er-
ror term as plotted in Fig.7 there could easily be a component
which, when included in the estimated random error would
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Fig. 6. Global temperature field from MIPAS and MLS and
global mean differences for MIPAS-MLS, MIPAS-ECMWF, MLS-
ECMWF from 6 November to 7 December 2005. Dark red and
black colours represent values greater than +5 K and smaller than
−4 K, respectively.
bring those in better agreement with the standard deviation,
albeit not reducing the systematic errors strongly.
4.2 H2O
In Figs.8 and9 global 2-D distributions of MIPAS and MLS
H2O, and their zonal differences are shown. Between 316.2
to 177.8 hPa (Fig.9) over the mid-latitudes and poles MIPAS
is wetter compared to MLS by about 50% (up to 100%), more
prominently over the Southern Hemisphere. From 215.4 to
177.8 hPa over the sub-tropics and tropics MIPAS H2O vmr’s
are drier by∼10% compared to MLS.
T emperature mean bias
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Fig. 7. Altitude-dependent global mean bias (MIPAS-MLS) and as-
sociated uncertainties from 6 November to 7 December 2005. The
global mean bias is shown in black (thick line), the combined es-
timated measurement noise (1σ ) in green (dotted), the combined
systematic error (1σ ) in red (dot-dashed) and the standard deviation
of the differences in blue (dashed). The combinded systematic er-
ror is given asymmetric around zero as reported inSchwartz et al.
(2008).
Our MIPAS/MLS comparison, in the lower stratosphere
(146.7–56.2 hPa; Fig.8) shows oscillations of±1 ppmv
(±10%), over all latitudes. This “band” of oscillating values
is seen to vary in altitude at different latitudes. Oscillations
up to 10% are observed between 31.6–26.1 hPa for all lati-
tudes. In the middle and upper stratosphere between 26.1–
0.2 hPa the agreement between MIPAS and MLS is within
±5%.
Read et al.(2007), have also observed AIRS to be consis-
tently wetter in comparison to MLS over the high latitudes in
www.atmos-meas-tech.net/2/337/2009/ Atmos. Meas. Tech., 2, 337–35 , 2009
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Fig. 8. Global H2O fields of MIPAS and MLS from 6 Novem-
ber to 7 December 2005 together with mean absolute and relative
differences. Colours beyond the colour scale (dark red and black)
represent values outside the range of colour legend.
the pressure range 316 to 178 hPa. The oscillations observed
in the height range 31.6 to 26.1 hPa are due to a known arte-
fact in MLS H2O v2.2 retrievals (Lambert et al., 2007).
Figure 10 compares the global altitude-dependent mean
bias and the standard deviation of its distribution with the
estimated error budget. The altitude-dependent global mean
bias is typically within±0.2 ppmv (±4%) between 100 to
0.1 hPa, with an exception at 31.6 hPa and 26.1 hPa were it
varies from +0.4 (10%) to−0.2 (−4%) and, at 31.6 hPa, ex-
ceeds slightly the combined systematic error due to the prob-
lem in the MLS data as mentioned above (Read et al., 2007;
Lambert et al., 2007). From 316 hPa to 100 hPa the mean
bias varies from 12% to−4% within the systematic error es-
timates. Above about 100 hPa the standard deviation is only
slightly higher than the estimated noise error. However, be-
low this altitude the variability is much larger than estimated,
most probably due to the strong natural atmospheric variabil-
ity of water vapour at these altitudes.









































































































































































Fig. 9. Same as Fig. 8 but for UT.
A further factor which might contribute to the observed
high variability in the upper troposphere might be the pres-
ence of cloud. In the ideal case that both measurements
were performed at the same time and location there would
be no difficulty because on basis of the MIPAS IR observa-
tions, cloud-affected altitudes are discarded from the com-
parison using a conservative cloud-detection scheme. In re-
ality, beside different locations, there is a difference in time:
MIPAS measures at around 10 and MLS at 01:40 local time.
Thus, though for comparing two H2O profiles, the conserva-
tive cloud free altitudes of MIPAS are used, there might be
a cloud in the MLS field-of-view even at those heights. At
that altitude this could either lead to higher water vapour in
case of MLS compared to MIPAS because inside the cloud
the humidity might be higher. On the other hand, cases can
exist where MIPAS observes a cloud-free but supersaturated
environment which is no more the case when there is a cloud
present. We have tried to investigate the presence of such ef-
fects by subdividing the H2O-comparisons into two sets. The
first set contains only matches of daytime observations when
there might be more clouds present in the early afternoon
(when MLS measures) compared to morning observations
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Fig. 10. Altitude-dependent global mean bias (MIPAS-MLS) (left
panel), relative mean bias with respect to MLS (right panel) and
over plotted associated uncertainties from 6 November to 7 Decem-
ber 2005 are shown. The global mean bias is shown in black (thick
line), the combined estimated measurement noise (1σ ) in green
(dotted), the combined systematic error (1σ ) in red (dot-dashed)
and the standard deviation of the differences in blue (dashed).
by MIPAS. The second set consists of only nighttime data
when the effect of clouds might be different. The results in-
dicate a slightly larger dry bias of MIPAS compared to MLS
in the region of the southern sub-tropical upper troposphere
during day than during night. This is, however, not the case
at the northern sub-tropics. In summary, we could not clearly
identify a consistent picture pointing towards strong effects
of clouds within the presented comparison. However, a con-
tribution by cloud to the observed variability cannot be ex-
cluded.
4.3 Relative humidity over ice
Comparisons of tropical upper tropospheric relative humid-
ity over ice (RHi) between MIPAS and MLS are shown in
Fig. 11. MIPAS RHi profiles are computed using the for-
mula byGoff and Gratch(1946) from MIPAS temperature
and H2O profiles. Over the tropics RHi up to 0.8–1 be-
tween 121.1 to 100.0 hPa are observed by MIPAS. In the
case of MLS, RHi values of 0.8–1 are observed between
316.2 to 82.5 hPa and RHi>1 are observed from 68.1 up to
56.2 hPa. MIPAS/MLS (Fig.11) differences of±0.2 are ob-
served between 146.7 to 68.1 hPa. For further investigations
two sets of RHi profiles were computed: (1) using MIPAS
temperature and MLS H2O, and (2) using MLS temperature
and MIPAS H2O. The difference MIPAS-set(1) showed a
good agreement of 0 up to 0.1 (Fig.12, top), while the dif-
ference MIPAS-set(2) (Fig.12, bottom), showed large dif-
ferences that were similar to those in the original compar-





















































































































































Fig. 11. Global RHi field of MIPAS and MLS from 6 November
to 7 December 2005 together with their absolute and relative differ-
ences.
ison (Fig.11). These Large differences between MLS and
MIPAS mostly arise from the differences in the temperatures
retrieved by the two instruments.
4.4 O3
MIPAS and MLS O3 zonal distributions and related differ-
ences are shown in Figs.13and14. In the upper stratosphere
(6.8–1.4 hPa) over the southern mid-latitudes and subtrop-
ics, MIPAS shows up to 10% higher values in comparison
to MLS. Over the tropics at 31.6 hPa a difference (MIPAS-
MLS) of 0.5 ppmv (∼20%) is observed. Over the tropics
and sub-tropics above the tropical tropopause layer (TTL)
(100.0–68.1 hPa; Fig.14) relative differences from∼90% to
−80% are observed. Over the south pole in the height range
146.7 to 100.0 hPa differences up to 10% are observed.
A comparison of MLS O3 profiles with MIPAS RR nom-
inal mode observations has been published byFroidevaux
et al.(2008). They observed differences up to 10% in the up-
per stratosphere which agrees with our analysis of the MIPAS
RR UTLS-1 mode here.Froidevaux et al.(2008) also report
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Fig. 12. Mean differences of MIPAS and MLS* RHI’s (MIPAS-
MLS*). Top panel: RHI is computed using MIPAS temperature and
MLS H2O profiles. Bottom panel: RHI is computed using MIPAS
H2O and MLS temperature profiles.
differences up to∼5% (globally) between MLS and other
instruments at the 21.5 hPa pressure level, which is also con-
sistent with our comparison. However, we observe a positive
difference of up to 20% at 31.6 hPa over the tropical region
– a bias not appearing in the validation work byFroidevaux
et al. (2008). The high relative differences over the tropics
and sub-tropics in the TTL may partly be explained by low
O3 concentrations and strong vertical gradients in this region.
For ozone, Fig.15 shows the global altitude-dependent
mean bias together with the standard deviation and the error
estimates. The bias profile lies within combined systematic
error budget. A notch up to 0.26 ppmv (6.5%) is observed at
31.6 hPa exceeding the combined systematic error. The vari-
ability of the bias profiles is by up to a factor of four larger
than the estimated noise error. Possible reasons are likely
those which have already been discussed for temperature in
Sect.4.1.
4.5 HNO3
Mean global distributions and comparisons of MIPAS and
MLS HNO3 are presented in Fig.16. In the UTLS region
(146.7–68.1 hPa) MIPAS and MLS are biased within 0.5–
1 ppbv (up to 400%). In the lower to the middle stratosphere
(68.1–14.6 hPa) differences are typically within 1 ppbv and
relative differences up to 10–20%, with an exception over the
tropics where at 31.6 hPa differences of 1 ppbv (about 400%)
are observed.
In the UTLS region the positive difference observed in
MIPAS versus MLS is in agreement with the low bias present
in MLS (Santee et al., 2007). It had been reported bySan-
tee et al.(2007) that MLS is uniformly low by 10–30% in
the stratosphere. The MIPAS/MLS deviations reported here
are in agreement with other comparisons reported bySan-


























































































































































































Fig. 13. Global O3 field of MIPAS and MLS from 6 November
to 7 December 2005 together with absolute and relative differences
between MIPAS and MLS. The white patches at 100 hPa correspond
to values beyond the colour scale.

























































Fig. 14. Relative differences between MIPAS and MLS O3 from
215 hPa–10 hPa.
tee et al.(2007) with the exception of the tropics around
31.6 hPa. AlsoKinnison et al.(2008) have observed simi-
lar high relative differences in a comparison study between
MLS and HIRDLS over the tropics. Since the structure ap-
pears like a second minimum over the tropics only in MLS
and not in MIPAS distributions, it is attributed to an unex-
plained problem with MLS HNO3 dataset.
The diagnosis plot of the global altitude-dependent mean
bias is shown in Fig.17. From 82.5 hPa to 6.8 hPa the
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Fig. 15. Same as Fig.10but for O3.











































































































































































Fig. 16. Global HNO3 field from MIPAS and MLS from 6 Novem-
ber to 7 December 2005. Mean absolute and relative differences
between MIPAS and MLS. Colours beyond the colour scale (dark
red and black) represent values outside the range of colour legend.
HNO3 mean bias
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Fig. 17. Same as Fig.10but for HNO3.
mean bias is well within the (1-σ ) combined systematic er-
rors, with the only exception at 31.6 hPa, as discussed above.
Above 6.8 hPa and below 100 hPa the bias between the two
instruments is slightly larger than estimated (by up to a fac-
tor of 2). The estimated noise is only slightly lower than the
observed variability of the bias, and, thus more similar to the
case of water vapour in the stratosphere than to temperature
or ozone.
4.6 N2O
The latitudinal distribution of N2O vmr values of MIPAS and
MLS and their related differences are shown in Fig.18. In
the lower stratosphere (100.0–21.5 hPa) MIPAS is typically
up to 20% (≤60 ppbv) larger than MLS along all latitudes.
From 21.5 to 10.0 hPa agreement between MIPAS and MLS
is typically about 5% (20 ppbv) in most of the latitude bins,
apart from the subtropics and the north pole, where rela-
tive differences up to−10% and 20%, respectively, are ob-
served. In the upper stratosphere (6.8–1.0 hPa) differences
up to±10 ppbv and high relative differences are observed.
The positive bias of∼10–15% in the lower stratosphere
is attributed to the known positive bias in MIPAS retrievals
(Payan et al., 2009; Glatthor et al., 2005). High relative dif-
ferences observed in the upper stratosphere are due to low
N2O concentrations present in this region.
Figure19 shows the globally averaged altitude-dependent
mean bias between MIPAS and MLS together with its
variation and estimated errors. The mean bias is well
characterized within the combined systematic errors with mi-
nor exceptions below 68.1 hPa and at 4.6 hPa. Above about
10 hPa the combined estimated noise errors are similar to the
standard deviation of the bias distributions. At lower alti-
tudes the noise errors underestimate the variability, however,
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Fig. 18. Global N2O field of MIPAS and MLS from 6 November
to 7 December 2005 together with absolute and relative differences.
Colours beyond the colour scale (dark red and black) represent val-
ues outside the range of colour legend.
as in case of stratospheric water vapour and HNO3, only by
up to a factor of about 2.
5 Conclusions
First IMK-IAA retrievals of temperature and trace gases from
MIPAS reduced resolution (RR) UTLS-1 mode are shown.
Vertical resolution and precision of RR UTLS-1 mode data
are comparable to or better than MIPAS full resolution (FR)
retrievals.
In contrast to the MIPAS FR observations, which have
been performed before the launch of MLS, a comparison be-
tween the two limb-sounders was possible for the MIPAS
UTLS-1 mode measurements of temperature, H2O, relative
humidity over ice, O3, HNO3 and N2O. In general, the
observed global mean altitude-dependent bias is well char-
acterised by the estimated combined systematic errors of
both instruments and no extreme outliers have been detected.
Many of the observed discrepancies could be attributed to
N2O mean bias
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Fig. 19. Same as Fig.10but for N2O.
differences which have already been reported in previous val-
idation studies and, thus, could be ascribed unambiguously to
one of the instruments. Importantly, it has been shown that
the new MIPAS IMK-IAA UTLS-1 mode dataset does not
contain any significant deficiencies.
The variability of the global bias profiles cannot be ex-
plained by the estimated noise errors alone. We attribute this
to a combination of atmospheric variability and parameter
errors with distributions that may not be exactly specified.
Due to the similar altitude resolution and well character-
ized biases, the combination of MIPAS and MLS datasets
seems possible. Since MIPAS trace gas observations at lower
altitudes are in general more obstructed by clouds than those
of MLS, synergistic use of MIPAS and MLS data can be use-
ful e.g. in understanding H2O/HNO3 partitioning near tropi-
cal cirrus cloud and polar stratospheric cloud (PSC) studies.
Further studies will indicate how far other species measured
by both instruments provide a consistent picture of processes
in the stratosphere and upper troposphere. If consistent, trace
gases in the UTLS, such as CH3CN which is observed by
MLS, (although the reliability of the MLS v2.2 CH3CN data
has not yet been confirmed) and C2H2, C2H6 and PAN which
are observed by MIPAS will then be used to complement
each other for global pollution monitoring studies.
Similarly, in the stratosphere, both instruments together
have the power to cover a large set of major inorganic
chlorine and bromine species consistently: the chlorine
species ClO (MLS, MIPAS), ClONO2 (MIPAS) and HOCl
(MIPAS, MLS), and HCl (MLS), or the bromine species BrO
from MLS and, as discovered most recently, BrONO2 from
MIPAS (Höpfner et al., 2009), can be used to constrain halo-
gen chemistry in models.
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